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A method and device for all-optical switching 



FIELD OF THE INVENTION 

This invention is generally in the field of switching techniques and relates to a 
method and device for all-optical swftching. 

BACKGROUND OF THE INVENTION 
s Optical communication networks require cross-connect or swrtching 

mechanisms enabling direction, diversion, multiplexing or broadcasting 
(multicasting) of a plurality of information channels in a manner to meet the 
requirements of the network Optical switches can also be used in Dense Wavelength 
Division Multiplexing (DWDM) teleoommunication systems for routing the 
io information, enabling optical add/drop multiplexing (OADM), as well as for 
protection purposes. 

Switching modules have various forms, such as structures whereby N input 
channels are directed simultaneously to M output ports in various configurations. In a 
dynamic switch, mis operation can be reshuffled in time. 

The so-called "all-optical switches" are capable of performing the switching 
function without converting the signals from the optical domain to the electrical 
domain and back. Such an optical switch is disclosed, for example, in US Patent No. 
6,041,151. This switch device utilizes a double refracting crystal operating as a 
polarizing beam displacer in conjunction with a controllable half wave gate that is 
20 able to rotate the polarization of an incident light beam by 90 degrees in accordance 
with a control input 
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SUMMARY OF THE INVENTION 

There is accordingly a need in the art to facilitate a switching technique by 
providing a novel all-optical switch device of a simple and compact design. 

An all-optical switch device according to the invention does not depend on 
5 optics-electronics-optics (O-EO) conversion, and does not need movement of the 
elements of die switch device. The switch device is characterized by fast operation 
exhibiting low insertion loss and minimal cross talk between output channels. The 
switch device is based on the electro-optic effect exhibited in a material of the kind 
capable of dynamically producing a phase delay for each polarization component of 
10 an incident light beam as a function of a voltage applied to the material. Such a 
material may be Lead Lanthanum Zirconate Titanate (PLZT), BSO or LiNbCfe. The 
varying phase delay may result in a controllable polarization rotation. 

The main idea of the present invention consists of designing a switch device 
having a polarizing beam sphtting surface, controllable polarization rotating (CPR) 
15 means, and beam directing means. The CPR and/or beam directing means may be 
separate elements accommodated at opposite sides of the polarizing beam splitting 
surface. The polarizing beam splitting surface may be the surface of a beam splitter 
(e.g. cubic beam splitter). The CPR and beam directing means may be integral with 
me beam splitter, by making the entire beam splitter or respective portions thereof 
20 from a polarization rotating material and making respective surfaces of the beam 
splitter reflective. Alternatively, the CPR and beam directing means may be separate 
elements accommodated at respective surfaces of the beam splitter. 

An input beam (either unpolarized or of a specific polarization) impinges onto 
the polarizing splitting surface, and can be split into two linearly polarized beam 
25 components (in the case of unpolarized input beam), which propagate along different 
optical paths. The beam components of the input beam interact with the CPR means 
and beam directing means, and return back to the polarizing beam splitting surface, 
where at least one output beam (e.g., of no particular polarization state, namely, 
consisting of different polarization components) is produced. It should be understood 
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that, when a polarized input beam is used, the device of the present invention 
provides for directing this beam to a selected one of two output channels. 

If the entire beam splitter is made of a polarization rotating material, then, in 
the operative state of the beam splitter, the different polarization components of an 
5 input beam undergo polarization rotation prior to being split by the polarizing beam 
splitting surface of the beam splitter. Depending on the current mode of the CPR 
means (which may and may not be integral with the beam splitter), namely, operative 
or inoperative modes of the CPR, the output beam can be directed towards one of the 
two output channels of the device, or two output beam components can be directed 

10 towards both output channels, respectively. The CPR in the inoperative and operative 
modes thereof does not affect and does affect respectively, the polarization of the 
beam passing therethrough. 

The controllable polarization rotating medium is shiftable between its 
inactivated and activated states by application of an electric field to the medium. 

is Depending on the type of the medium being used, one of its states presents an 
operative mode of the medium, and the other state presents an inoperative mode of 
the medium. Polarization rotating medium of the kind based on the electro-optic 
effect (e.g., ferroelectric crystals or ceramics) is in the operative mode (affecting the 
polarization of a beam), when in the activated state of the medium. The polarization 

20 rotating medium of the kind utilizing LC materials is in its inoperative mode (i.e., 
does not affect the polarization state of a beam), when in the activated state of the 
medium, and is in its operative mode (i.e., affects the polarization state of a beam), 
when in the inactivated state of the medium. 

Hence, the terms "inoperative mode'* and "operative mode" of a CPR 

25 medium are associated with effect of the medium with respect to an incident beam, 
irrespective of the terms "activated" and "inactivated" states which are associated 
with the application of an electric field to the CPR. In the inoperative mode of the 
CPR, it does not affect the polarization of the beam, and in the operative state of the 
CPR, it affects the polarization of the beam. 
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Thus, according to one aspect of the present invention, there is provided a 
switching method for selectively directing an input beam to at least one of two output 
channels, the method comprising the steps of: 

(i) providing incidence of the input beam onto a polarizing beam splitting 
5 surface to thereby enable splitting of the input beam into two beam 

components of different polarizations propagating along different optical 
paths; 

(li) passing the input beam components of different polarizations through a 
controllable polarization rotating medium capable of affecting the 
10 polarization of each of the beam components; and 

(iii) directing the beam components that have passed through said medium 
onto said polarizing surface, thereby producing at least one output beam 
propagating towards at least one selected output channel, depending on a 
current mode of the polarization rotating medium. 
15 It should be understood that the input beam may be unpolarized, namely a 

randomly polarized beam (of no specific polarization state), containing beam 
components of different polarizations. Alternatively, the input beam may have a 
specific polarization. In this case, the interaction of the input beam with the 
polarizing beam splitting surface will result in the beam propagation along a specific 
20 optical path. 

It should also be understood that the input beam may pass the CPR medium 
prior to being split into the two beam components of different polarizations, This 
may be implemented by utilizing a beam splitter having the polarizing beam splitting 
surface and being made from a controllable polarization rotating material. 
25 According to another aspect of the present invention, there is provided an 

all-optical switch device operable for selectively directing an input beam to at least 
one of two output channels, the device comprising: 

(a) a polarizing beam splitting surface capable of splitting an input beam into 
two beam components of different polarizations and directing die split beam 
30 components to propagate along different optical paths, and capable of 
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combining two beam components of different polarizations to produce at 
least one output beam; 

(b) controllable polarization rotating means accommodated in optical paths 
of the input beam components, and selectively operable to affect the 

5 polarization thereof; and 

(c) beam directing means accommodated in optical path of the beam 
components passed through the polarization rotating means for directing the 
beam components onto said polarizing beam splitting surface to thereby 
produce at least one output beam propagating towards at least one selected 

10 output channel. 

Preferably, the polarizing beam splitting surface is a surface of a cubic beam 
splitter. The polarization rotating means may be in the form of two elements 
accommodated at opposite sides of the polarizing beam splitting surface. 

For example, the polarization rotating means may be accommodated at 
15 surfaces of the beam splitter that intercept with the plane of the polarizing surface. In 
this case, the beam directing means may be in the fonn of two pairs of reflecting 
surfaces, each pair located at opposite sides of the corresponding one of the 
polarization rotating elements. 

The two polarization rotating elements may be incorporated in two corner 
20 prisms, respectively, located at the adjacent surfaces of the beam splitter that intercept 
with the plane of the polarizing surface. Two comer prisms accommodated at said 
adjacent surfaces of the beam splitter and made from a polarization rotating material 
may be used, thereby functioning as both the polarization rotating and the beam 
directing means. 

25 The polarizing beam splitter may be configured such that its two adjacent 

surfaces that intercept with the plane of the polarizing beam splitting surface are 
shaped like two-part right-angle prisms. In this case, the polarization rotating means 
are two elements, each located inside a groove-like space of the respective prism, and 
the beam directing means are represented by reflective surfaces of the beam splitter 

30 (the surfaces of the prisms). Alternatively, such a beam splitter may be made from a 
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polarization roaring material, the polarization rotating means being thereby presented 
at two parts of the beam splitter at opposite sides, respectively, of the polarizing 
surface. 

The beam splitter in another configuration may have three locally adjacent 
5 truncated corners forming three facets, the intermediate facet being that intercepting 
with the plane of the polarizing facet. In this case, the polarization rotating means are 
in the form of two plates located on the other two facets, respectively, and the beam 
directing means are represented by the rear reflective surfaces of the polarization 
rotating plates and by the intermediate facet of the beam splitter. Alternatively; in 
10 such a beam splitter with three facets, the polarization rotating means may be in the 
form of only one plate located on the intermediate facet, the rear reflective surface of 
this plate, and die reflective inner surfaces of other two facets serving as the beam 
directing means. 

According to yet another aspect of the present invention, there is provided an 
15 all-optical switch device in the form of a polarizing beam splitter made of a 
polarization rotating material. 

The all-optical switch device according to the invention may be used as a 
basic block in a multi-stage switch structure. In this case, a required number of such 
basic devices are arranged in an array, and additional beam directing means are used 
20 for directing an output beam of one device to input a successive device. 

Thus, according to yet another aspect of the present invention, there is 
provided a multi-stage all-optical switch structure comprising an array of at least first 
and second switch devices, each constructed as described above; and at least one 
beam directing element accommodated in an optical path of the output beam 
25 produced by the first switch device to direct said output beam onto a polarizing beam 
splitting surface of the second switch device. 

The multi-stage switch structure composed of three switch devices, each 
constructed as described above, may be used for reducing crosstalk between output 
channels and/or for increasing the switch speed. In this case, the switch devices are 
so arranged such that two output channels of the first device serves as two input 
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channels o£ respectively, the second and the third devices. One of the output 
channels of the second switch device and one of the output channels of the third 
switch device are blocked to prevent light output therethrough. By this, light signals 
collected at unblocked output channels of the second and third switch devices axe 
5 characterized by reduced crosstalk. By increasing the number of switching stages in 
the switching structure, the crosstalk between output channels can be even more 
reduced. To increase a switching speed with the same switching structure composed 
of three switch devices, the polarization rotating means is operated to provide 
rotation of the polarization of the incident beam at an angle other than 90°. 

10 The switch device according to the invention, can be used for multicast 

switching (generally, variable beam splitting). This is implemented by utilizing a 
CPR of the kind, where any desired difference in phase delay (from 0 to Jj2) can be 
created between the two principle axes of the CPR material. This enables to obtain 
any desired partition between the output beam polarization components in the CPR 

is output, and, consequently, any partition between the output channels of the switching 
device. 

The above concept can be utilized for using the device according to the 
invention as a variable attenuator. This is implemented by blocking one of the output 
channels of the switch device, and, optionally, further combining several switch 
20 devices in series. 

The present invention also provides for collecting errors that can be 
introduced by the splitting on the unpolarized input beam at the polarizing beam 
splitting surface. This is implemented by including an additional polarizing beam 
splitter cube in the beam directing means, and, optionally, also a polarization rotator 
25 (e.g., A/2 plate) in front of the additional polarizing beam splitter cube. 

The present invention also provides for compensating the hysteresis 
phenomenon that can be observed with a CPR. This is implemented by appropriately 
controlling voltages applied to the CPR 

Additionally, the present invention provides for reducing switching 
30 differential voltage requirements. This is implemented by applying appropriate 
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voltages to the CPR (depending on the CPR type) to cause phase delays of A/2 and X 
between the split beam components, rather than the phase delays of 0 and A/2. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to understand the invention and to see how it may be carried out in 
5 practice, a preferred embodiment will now be described, by way of non-limiting 
example only, with reference to the accompanying drawings, in which: 

Figs. 1A and IB schematically illustrate a basic block of an all-optical switch 
device according to one example of die invention; 

Figs. 1C and ID illustrate two examples of a basic block of an all-optical 
id switch device according to the invention utilizing filtering means for correcting errors 
of two different kinds, respectively, that may be introduced by the interaction of an 
unpolarized input beam with a polarizing beam splitting interface; 

Figs. 2 to 8 illustrate more embodiments of the basic block of the all-optical 
switch, differing from each other and from that of Figs. 1A-1B in the accommodation 
15 and/or configuration of a polarization rotating element; 

Fig. 9 illustrates a multi-stage all-optical switch device composed of an amy 
of the basic block switching elements; and 

Fig. 10 illustrates an all-optical switch device according to the invention, 
aimed at reducing cross talk between outputs of the device, and also for increasing 
20 the switch speed. 

DETAILED DESCRIPTION OF THE INVENTION 

An all-optical switch of the present invention utilizes such main functional 
parts as a polarizing beam splitter, controllable polarization rotating (CPR) means, 
and a beam-directing means, e.g., retro-reflective means. The CPR may be any 
25 medium that dynamically affects the polarization of incident light either in response 
to the application of an electric field ("activated state") or not ("inactivated state"). 
An electric field is referred to hereinbelow as an electro-static field. 
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CPRs suitable to be used in the present invention may be of two common 
types. CPRs of the first type utilize such materials as feiroelectric crystals, e.g., 
lithium niobate (LiNtA), which are usually based on the linear electro-optic effect, 
or ceramics, e.g., Lead Lanthanum Zirconate Titanate (PL2T), which are based on 

5 the quadratic electro-optic effect, also known as Kerr effect The electro-optic effect 
consists of the following: If a transverse field is applied to such a CPR material, the 
material becomes birefiingent (i.e., the refractive index along die electrostatic field 
direction is different from the refractive index along the orthogonal direction). This 
causes a phase delay between the two optical field's components, and 90-degrees 

10 polarization rotation can be achieved, provided that the optical field of incident light 
is linearly polarized and oriented at 45 degrees relative to the applied electrostatic 
field. 

CPRs of the second type utilize liquid crystal (LC) materials. Here, the effect 
of polarization rotation is associated with the fact that LC molecules have an 

is un-isotropic shape, and therefore act as a birefiingent material (i.e., different index of 
refraction for the two transversal (orthogonal) axes). With such a CPR, an 
electrostatic field parallel (longitudinal field) to the direction of beam propagation is 
applied. If nematic LC is used, in order to achieve 90-degree polarization rotation, 
the polarization of an incident light should be linear and oriented at 45 degree with 

20 respect to the Nematic LC principal axes. In addition, the phase retardation (delay) 
should be X/2. If twisted nematic LC is used, no 45-degree incident angle is needed, 
since the polarization tracks the twist of the molecules (step-wise). The application of 
an electro-static field to the CPR of the second type cancels the birefiingent effect 
thereof 

25 It should be noted that for any type of CPR, whenever a phase retardation 

(delay) other than A/2 is considered, an elliptical polarization is obtained. When 
using a ferroelectric LC, the polarization states of the output beam can be only one 
out of two possible states (a so-called "binary CPR"). The CPR of the first type is in 
the operative mode (i.e., affects the polarization of an incident beam), when in the 

30 activated state of the medium, and is in the inoperative mode thereof (does not affect 
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the polarization state of a beam), when in the inactivated state of the medium. CPR of 
the second type is in its inoperative and operative modes, when in the activated and 
inactivated states, respectively, of the medium. 

Thus, the application of an electro-static field (voltage) to a CPR of the first 
5 type (i.e., shifting the CPR into its activated state) affects the polarization state of 
incident light. It is common to use a zero electrostatic field when the polarization 
state should not be affected, and to use a non-zero electrostatic field for the opposite 
situation. However, instead of using a zero electrostatic field, a non-zero field can be 
used as well for the same purpose (not affecting the polarization state). Hence, any 

10 such pair of operative and non-operative modes of the CPR can be selected, provided 
that a difference of A/2 exists between the two modes. 

When using the CPR of the first type, it may be advantageous to operate the 
CPR in such electrostatic fields that cause phase delays of }J2 and X instead of 0 
phase delay and A/2, and by this reduce switching differential voltage requirements. 

15 It should be noted that, although in all the embodiments of the invention 

described below the use of a CPR of the first type is exemplified, a CPR of the other 
type can be used as well, keeping in mind that operative and non-operative modes of 
the CPR of the second type are provided when in the inactivated and activated states, 
respectively, of the CPR medium, 

20 It should be understood that for the purposes of the present invention (i.e., 

switching), an input beam can be any light beam, visible or invisible, having any 
frequency, and being either of non-specific polarization (unpolarized beam) or 
polarized. To simplify the description of the invention, the input beam is referred to 
hereinbelow as an unpolarized beam. For splitting an unpolarized beam into two 

25 linearly polarized beam components, various optical means having a polarizing beam 
splitting interface can be used, such as a beam splitter (thin films coating), natural 
crystals (e.g., calcites), synthetic crystals (e.g., YV0 4 ). These elements split an 
unpolarized beam into two linearly polarized components, or combine such linearly 
polarized components into an unpolarized beam or two polarized beams, depending 
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on the polarizations of the beam components impinging onto the polarizing beam 
splitting surface. 

Referring to Figs. 1A-1B, there is illustrated an all-optical switch device 10 
according to one example of the invention. The device 10 comprises a polarizing 
5 beam splitter cube 12, that has a polarizing beam splitting surface along its diagonal 
13; CPR elements 14A and 14B; and beam directing elements 16A-16B and 
18A-18B. La the present example, the beam directing elements are two-part 
retro-reflective elements, wherein each part of each of the retro-reflective element is 
a minor, e.g., right-angle prism with reflective coating on its hypotenuse. The CPR 

io elements 14A and 14B, and the elements 16A-16B and 18A-18B are placed on the 
adjacent surfaces 12A and 12B of the beam splitter cube 12, such that the CPR 
element 14A is located between the parts 16A and 16B of one retro-reflective 
element, and the CPR 14B is located between the parts 18A and 18B of the other 
retro-reflective element 

15 It should be understood that the use of the polarizing beam splitter cube 12 is 

a non-limiting example of the invention, and any other configuration of the polarizing 
beam splitting surface appropriately oriented with respect to other electro-optical 
elements can be used for the purposes of the present invention. For example, a wedge 
with proper coating on one of its surfaces can be used. 

20 The switch device 10 of the present invention can operate as a 1x2, 2x2, or 

2x1 switch device. The operation of the 1x2 switch utilizing an unpolarized input 
beam will now be described with reference to Fig. 1A. An unpolarized beam Li*° 
supplied from an input port BPi passes through the device 10 and ensues therefrom 
either through an output channel OPi or an output channel OP2* The beam Li^ 

25 impinges onto a surface 12C of the polarizing beam splitter 12 and propagates 
towards its polarizing beam splitting surface 13, where the beam L\ m is split into 
two linearly polarized components hi and Li r , which axe respectively, transmitted 
and reflected light components. The linearly polarized components Li' and Li r 
propagate towards the retro-reflective elements located on the beam splitter surfaces 

30 12B and 12A, respectively. The beam component Lj* is reflected from one part 18B 
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of the retro-reflective element and propagates towards the other part 18A thereof 
through the CPR 14B. The beam Li r is reflected from one part 16A of the 
retro-reflective element and propagates towards the other part 16B thereof through 
the CPR 14 A. 

5 It should be noted, although not specifically shown, that in order to eliminate 

or at least significantly reduce back-reflections from an optical element 
accommodated in the optical path of a beam (e.g., CPR) towards the input port(s), the 
beam should impinge onto the respective surface of the optical element (e.g., the 
beam component iV onto the CPR 14B) with an appropriate angle of incidence. This 

io is relevant for all the examples of the present invention described herein. 

When considering CPR of the first type, in order to obtain a 90-degrees 
polarization rotation of an incident linearly polarized beam, the polarization of the 
beam should be oriented at 45 degrees relative to the electrical field applied to the 
CPR medium. These can be achieved either by adequately orienting the polarization 

15 direction of the incident beam, or by adequately orienting the CPR itself. 

It should also be noted that the reflections inside the switch device (either total 
internal reflection (TIR) or not) may result in phase changes between the incident and 
reflected beams. Such changes may cause the phase shift between the transmitted and 
reflected beam components (former p- and ^-polarization components), and will act 

20 as noise in the system or as unwanted signals in the output channels. These effects 
can be compensated by the appropriately applied voltage over the CPR, so as to 
appropriately increase or decrease the phases (Le., fit the phases) of the beams 
passing through the CPR. The appropriate application of voltages to the CPR can 
also be used for compensating for the hysteresis phenomenon that can be observed 

25 withaCPR. 

Turning back to Figs. 1A and IB, it should be understood that, during the 
operation of the switch device, the CPR elements 14A and 14B are either both in the 
inactivated state, or both in the activated state. Considering the CPR elements based 
on the Kerr effect, if the CPR elements are inactivated, the beams Li and Li r 
30 impinge onto the retro-reflective parts 18A and 16B without being affected by the 
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CPR elements 14A and 14B, and are reflected back into the beam splitter. Here, the 
beams hi and L/ impinge onto the surface 13 to, respectively, pass through and be 
reflected from the surface 13. The beams L/ and W are thus combined into an 
unpolarized output beam L (ou \ which ensues from the beam splitter through the 
5 same input surface 12C to propagate through the output channel OPi. This presents 
the switch commutation on one of the two* output channels. 

If the CPR elements 14A and 14B (which are CPRs of the first type) are in 
their activated states (operative mode), they change the polarization states of beam 
components Li* and Li', respectively, into the opposite ones, L rf i and L*i (shown in 

10 dashed lines). The beams L rt i and L\ are reflected by the retro-reflective parts 16B 
and 18A, respectively, and impinge onto the surface 13. Here, due to the opposite 
polarizations of the beams, as compared to their original state created by the first 
interaction with the polarizing surface, the beam is transmitted through the 
surface 13, while the beam lA is reflected by the surface 13, thereby resulting in a 

15 combined unpolarized output beam L (uat) 2, which ensues from the beam splitter 
through the surface 12D to propagate towards the output channel OP2. 

It should be noted, although not specifically shown, that the case may be such 
that the splitting of the unpolarized input beam at the interface 13 may introduce 
errors that can generally be of two types associated with the following: 

20 (i) A small part (e.g., 2%) of the input beam component to be transmitted by 

the polarizing beam splitting surface 13 is reflected therefrom, and this iC uirwanted" 
light component joins the other (reflected) beam component LY This 2%- reflected 
light component will propagate through the output channel OP2 (assuming the CPR 
does not change the polarization state of the beam, i.e., is in its inoperative mode), 

25 thereby introducing an unwanted output signal. As shown in Fig. 1C, in order to 
correct such an error, the reflective surface of the comer-prism part (e.g., 16A) could 
be replaced by a filtering means in the form of a polarizing beam splitter cube 17 that 
transmits the unwanted component Li (un) out of the switch device. 



(ii) A small part of the beam component to be reflected from the surface 13 of 



30 die beam splitter is transmitted therethrough, and this unwanted beam component 
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Li (un) joins the transmitted beam component L V As shown in Fig. ID, to correct for 
tins error, the comer prism part 18B can be replaced by a filtering means, including a 
polarization rotator 17A (e.g., A/2 plate) followed by a polarizing beams splitter cube 
17. In addition, the operation of the CPR 14B should be adapted to change the 

5 polarization state accordingly. 

With regard to a non-binary CPR, the following should be noted: Since any 
difference in phase delay (from 0 to X/2) can be created between the two principle 
axes of a CPR material, any partition between the beam polarization components in 
the CPR output can be achieved. When the input beam component Li r (reflected by 

io the surface 13) enters the CPR 14A, the case may be such that the passage of this 
beam component through the CPR results in a new polarization state (elliptical) 
different from that of the incident beam component Li*. Consequently, the beam 
component with the new polarization state, after being reflected by the comer prism 
16B to the surface 13, will then be split by the surface 13 into two components: one 

15 reflected from the surface 13 and propagating towards the output channel OPi, and 
the other transmitted through the surface 13 and propagating towards the output OP2. 
The similar situation takes place with respect to the input beam component Li* 
(transmitted through the surface 13). 

Hence, by the above operation of the switch device, each of the input beam 

20 components Li r and La* is divided between the two output channels OPi and OP2 by 
controllable divisions, and, consequently, any partition of the input energy between 
the output channels of the switching device can be achieved. This provides for using 
the switch device of the present invention as a variable beam splitter, e.g., multicast 
If one of the outputs is blocked, the device can be used as a variable attenuator. Such 

25 an attenuator can be improved by combining several switch devices in series. 

As shown in Fig. IB, to operate the device 10 in a 2x2 switching 
configuration, two input beams L W i and are supplied through input ports flPi 
and IP 2 so as to impinge onto the surfaces 12C and 12D, respectively, of the beam 
splitter 12. The propagation of the beam lS m \ is similar to the above-described 

30 example of Fig. 1 A, and is therefore not shown here. This beam can be supplied to 
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either one of the output channels OPi or OP 2 , depending on, respectively, the 
inactivated or activated states of the CPR elements 14A and 14B. The beam L 2 
impinges onto the diagonal surface 13^ and is split into two different linearly 
polarized beam components La and Lq\ and, is directed to that output channel where 
5 the beam L^i does not arrive. 

It should be understood that in order to operate the device 10 as a 2x1 switch, 
a respective one of the output ports is blocked (presenting the so-called "dead end 5 '), 
for example, by using an absorptive element It should be noted that all such 
switching functions as 1x2, 2x2, 2x1 can be implemented with either one of the 

10 exemplified configurations (Figs. 1-8), and therefore will not be described in details. 

Reference is made to Fig. 2 illustrating an all-optical switch device 100 
according to another example of the invention. Here, in distinction to the example of 
Figs. 1A-1B, the single-part retro-reflective elements 116 and 118 in the form of 
comer prisms accommodated at the surfaces 12A and 12B, respectively, of the beam 

15 splitter 12 are used, instead of two-part right-angle prisms. In this case, CPR 
elements 114A and 114B are incorporated in the elements 116 and 118, respectively. 
The beam propagation is generally similar to the above-described example, and 
therefore need not be described in detail, except to note the following. In this 
configuration, the polarization state of the beam component is affectable by the CPR, 

20 when in the activated state thereof, prior to the beam reflection within the corner 
prism. 

figs. 3A, 3B and 4 illustrate all-optical switch devices according to the 
invention, where the beam directing means are incorporated in the polarization 
rotating means, namely, the polarization rotating and beam directing functions are 
25 performed by the same element, functioning both as a retro-reflective element and a 
CPR. 

Fig. 3A illustrates an all-optical switch 200A, in which two such polarization 
rotating and beam directing elements 21 SA and 215B are accommodated on the 
surfaces 12A and 12B, respectively, of the beam splitter cube 12. In the present 
30 example, the elements 215A and 215B are in the form of comer prisms made of a 



S£/Zl S£Z"0N S£:ZL L0. Zl/ZO ZOI76OIZ £ ZZ6 HMVd 8 NH03 (H0HNI3M 



-16- 

polarization rotating material. It should be understood that this configuration might 
provide for a longer optical path of beams within the elements 215A and 215B. By 
this, the operational electrostatic field required to activate the CPR media can be 
reduced, as compared to the previously described examples. 

5 It should be noted, although not specifically shown in the figure, that two 

pairs of A/2-plates may be used, the A/2-plates of each pair being accommodated in 
the optical path of the beam propagating towards and ensuing from the CPR, 
respectively. The A/2-plate located in front of the CPR element (with respect to the 
direction of beam propagation) is needed to orient the polarization direction of the 

10 incident beam at 45 degrees with respect to the electrostatic field applied to the CPR 
medium, and the rear A/2 plate serves to re-orient the polarization direction of the 
CPR output by 45-degree rotation. 

Fig. 3B illustrates an optical switch device 200B designed so as to 
substantially decrease the area of CPR elements 215A' and 215B', as compared to 

is the example of Fig. 3 A, and subsequently, reduce the area occupied by the polarizing 
beam splitter cube 12. The CPR element presents a pentarlike structure. As shown, a 
beam impinging onto the CPR element, undergoes four reflections. Hiis might 
provide an optical path equal in its length to that provided by the similar CPR 215A 
of the example of Fig. 3A having a surface area a few times larger than that of the 

20 CPR 21SA of the device 200B. In order to provide reflections, which are not total 
internal reflections (TIR), the CPR element can be designed with various angles in 
conjunction with appropriate coatings on those surfaces where no TIR occur. 

Fig. 4 illustrates an all-optical switch device 300 designed so as to increase 
the optical path within the CPR elements, as compared to the examples of Figs. 

25 1A-1B and 2. This is achieved by using V-shaped comer prisms 315A and 315B 
made of a polarization rotating material. In this case, as clearly shown in the figure, a 
polarized beam entering the respective comer prism undergoes multiple reflections 
from the prism's surfaces, and returns into the polarizing beam splitter cube 12. 

Fig. 5 illustrates an all-optical switch device 400, in which two surfaces of a 

30 polarizing beam splitter cube 412 are configured as two-part right-angle prisms 
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416A-416B and 418A-418B (similar to the prisms used in the example of Figs. 
1A-1B) and aie reflective, thereby presenting the beam directing means. In this case, 
each of CPR elements 414A and 414B is located inside a groove-like space between 
the two parts of ihe respective prism. This construction is more compact, has less 

5 protruding parts, and has less alignment procedure requirements during the 
manufacture of the device, as compared to the previously described examples. 

Fig. 6 illustrates an all-optical switch device 500, which is constructed 
generally similar to the device 400, but has a somewhat different design of its CPR 
and beam directing means. Here, two surfaces 51 2 A and 512B of a polarizing beam 

io splitter cube 512 are shaped like two prisms, respectively, and the entire beam splitter 

512 is made from a polarization rotating material. In this case, a surface 513 of the 
beam splitter is formed with a polarizing coating (not shown), so as to enable to split 
an unpolarized input beam into two polari2ation components. It should be understood 
that the unpolarized beam, when entering the beam splitter in the active state of the 

15 CPR material, undergoes the polarization rotation of both polarization components in 
the beam prior to being split at the polarizing beam splitting surface 513, and the two 
polarization states of two beams having passed the diagonal surface are again 
affected by the beam splitter medium at the other side of the diagonal surface. When 
in the activated state of the beam splitter medium, each of the beam components 

20 (produced by the splitting of the input beam at the polarizing beam splitting surface 

513 of the beam splitter) undergoes 90°-rotation until being combined again. 

Fig. 7 illustrates an all-optical switch device 600, in which the beam directing 
means are partly incorporated in a polarizing beam splitter 612 (i.e., is presented by 
the reflective surfaces of the beam splitter) and partly incorporated in CPR elements 

25 614A and 614JB (i.e., is presented by reflective surfaces of the CPR elements). The 
beam splitter 612 has three truncated comers forming three locally adjacent facets 
613A, 613B and 613C, wherein the intermediate facet 613B is that intercepting with 
the plane of the polarizing diagonal surface 613. The CPR elements 61 4A and 614B 
are located on the facets 613A and 613C. The surfaces 615A and 615B of the CPR 

30 plates 614A and 614B, respectively, and the surface 615C of the fecet 613B are 
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reflective (as far as TIR cannot be achieved by the incidence angles), and serve as the 
beam directing means. The incidence angles of the beam components with respect to 
the CPRs 614A and 614B, respectively, are of 45 degrees. In order to effect a 
90-degree polarization rotation by the CPR, A/2-plates 61 7A and 617B are mounted, 

5 respectively, between the CPR 614A and the facet 613A, and between the CPR 614B 
and facet 613C. Alternatively, the front outer surfaces of the CPRs 614A and 614B 
may be formed with specific coatings to act as X/2-plates. The x/2-plates 617A and 
617B are mounted at 22.5-degree orientation with respect to the CPRs, thus rotating 
the beam components by 45 degree, prior to the beams' interaction with the CPRs. In 

10 total, the angle between the incident beam component and the respective CPR axis 
will be of 45 degree. 

Fig. 8 illustrates an all-optical switch device 700 which has a beam splitter 
712 constructed similarly to the beam splitter 612 of the previously described 
example, namely, having three facets 713A, 713B and 713C. In this case, however, 

15 only one CPR plate 714 is used being located on the facet 713B intercepting with the 
plane of the polarizing diagonal surface 713, and having a reflective surface 715. 

It should be noted that, in each of the above-described switch devices, the 
input channels and the output channel can be relocated, replaced or interchanged, and 
the beam propagation paths within the devices will be reversed or c h a ng ed 

20 accordingly. 

Each of the above-described switch devices can be utilized as a basic block in 
a multi-stage switch structure, such as lxn, 2xn, nxl, nx2, etc. The lxn switching 
structure needs an array , of (n-1) basic blocks (nodes) and fn-lj additional beam 
directing elements (e.g., appropriate mirrors with relay lenses, appropriate fiber 
25 optics with collimators) for directing the output beam of one block to input a 
successive block. The basic-block devices can be built as one block or may be 
separate blocks attached to each other. The spacing between each two locally 
adjacent blocks is defined by opto-mechanical or electronics requirements. 



Fig. 9 exemplifies such a multi-stage all-optical switch structure 800 



30 constructed to operate as a 1x4 switch. The structure 800 comprises an array of three 
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switch devices 802A, 802B and 802C, each constructed as described above (either 
one of the previously described examples). An input beam (channel) may be supplied 
through either one of input ports 1P A P) and IPa W of the switch device 802A, and can 
be output at either one of output channels OPa, OPb, OPcro, and OPcp) associated 

s with the switch devices 802A, 802B and 802C. 

In the present example, the input light beam L^a enters the switch element 
802A through input port IPa 0 *, and propagates within the element 802A as described 
above to be supplied to either the output channel OPa or output channel OP A ' Here, 
the output channel OPa is one of the four outputs of tie entire structure 800, and the 

10 output channel OP A ' with a pair of beam directing elements 804 (e.g., mirrors 
combined with relay lenses or fiber optics combined with collimators, which are 
generally called lt rniiTors") installed therein serves as an input channel of the 
switching element 802B These mirrors direct the output beam propagating through 
the channel OPa' to input the switching element 802B (input beam Lb Cu,) ). 

is Hence, if an output port OPb (i.e., the output of the switching element 802B) 

is considered as a currently operating output port of the structure 800, the beam 
propagation through the device 802A ensures the beam output at the channel OPa', 
and therefore the beam propagation within the switch device 802B. Similarly, the 
active output of the device 802B may be either one of the channels OPb or OPb'- If 

20 the output channel OPc (i.e., the output of the switching element 802C) is considered 
as the operating output of the structure, the beam leaves the switching element 802B 
at the output channel OPb', and is directed to the switching element 802C as an input 
beam Lc^ by mirrors 806. 



Thus, one of the output channels of each switching device (except for the last 



25 switching device in the array) presents one of the n outputs of the structure 800, and 
the other output port serves for directing the beam to enter the successive switching 
device in the array. It should be understood that the same configuration can be 
alternatively used with the input beam Lc ,n) . 



A 2xN all-optical switch can be implemented by a structure generally 



30 similarly to die above-described structure 800, but distinguishing therefrom in that 
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both input ports of the first switching device in me array (802A in Fig. 9) are 
simultaneously used. In this case, either one of the two output channels is operated at 
a given time. Additionally, each of the two output ports OP A and OPa' of the 
structure 800 may be conveyed to, respectively, one of the input ports of the switch 
devices 802B and 802C. 

It is important to note that, in order to eliminate or least substantially reduce 
an unavoidably existing cross talk between the output ports of an all-optical switch 
(e.g., a basic block structure), such a basic block structure may be composed of two 
identical switching elements. The existence of the cross talk effect is associated with 
the following. Whenever one of the CPR elements (such as the PLZT) changes the 
polarization state of a beam, a certain error may occur. For example, if the CPR was 
set to rotate the polarization of a linearly polarized beam by 90°, it practically may 
rotate it by an angle slightly less than 90°, e.g., 88°-angle. Thus, assuming a 1X2 
switch device with two active output ports, most of the beam energy is conveyed to 
the first selected output channel, the part (e.g., 2%) of the energy being, however, 
directed into the second output channel and presenting noise in this second active 
port 

A manner, in which such a 2%-error can be corrected will now be described 
with reference to Fig. 10, showing a block diagram of an all-optical switch structure 
900 aimed at elinunating crosstalk between the output channels of a 1X2 switch 
device using a multistage switch such as 1X4 (e.g., the structure 800 of Fig. 9). The 
all-optical switch structure 900 is composed of three identical switch devices 902A, 
902B and 902C. The switch devices are arranged such that two output channels 
OPa 0) and OPa® of the first device 902A serve as input channels of the devices 
902B and 902C, respectively. As for the two output channels of each of the devices 
902B and 902C, one of them is an active output OPi (and OPj) of the device 900, 
and the other one OPd is me so-called "dead end", on which the cross talk is 
discharged. 

An input channel IP supplies an input beam to the first switch device 902A, 
30 assuming that CPR elements) thereof (not shown) is in its activated state. As a result 
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of the aforesaid rotation error, each of output channels OPa 0> and OPa® contains a 
signal: one of them, e.g., OP A w , contains most of the energy, and the other output 
channel, OP A w , contains the noise-energy caused by the polarization rotation error. 
The signal from the output channel OP A a) is directed to the switch device 902B that 

5 produces the substantially similar rotation error. Most of the output energy of ihe 
device 902B is directed to an output channel OPi and the residual energy of the 
rotation error in switch device 902B is channeled to a dead end OPa. The error 
output signal from the channel OPa® is channeled to the switch device 902C. 
However, in order to prevent the error signal from reaching the active output channel 

10 OP2 of the switch device 902C, the beam will be switched to a dead end OPd- 
Assuming 88°-polarization rotation angle instead of 90°, the secondary residual 
energy arriving at the output channel OP2 due to the error in switch device 902Cis 
0. 1% (OP-cos^) 3 ) of the input energy of the structure 900. In a similar way, in order 
to further decrease such crosstalk, additional switching stages can be added between 

15 the input port IP and the output ports. 

The above-described technique can also be used for increasing the switching 
speed of the device. Since the operation of a CPR element (e.g., PLZT) is similar to a 
capacitor behavior, in order to rotate the polarization to a certain degree, a certain 
voltage should be applied across the PLZT device. The charge (discharge) rate of a 

20 capacitor is in general as follows: ~- = l-exp(— ^-), where Vo and V are, 

V 0 RC 

respectively, the initial and end-point voltages. The PLZT speed is mainly restricted 
due to the systems constant RC. For example, to obtain V/Vo=0.999 and V/VV=0,92, 
the parameters t=5RC and t=2.5RC, respectively, are needed. Thus, to charge the 
PLZT to 99.9% of its capacity, twice a time is needed than that needed to charge the 
25 PLZT to 92% of its capacity. By shortening the charging time in a similar way to the 
aforesaid examples, the polarization rotation angle of the PLZT will be less than 90°. 
Nonetheless, the resultant crosstalk will he treated using a multistage system such as 
that of Fig. 10 or a system similar to the system of Fig. 10, but with an increased 
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number of switching stages and dead ends based on the cross talk requirements. 
Consequently a fester switching device can be achieved. 

Those skilled in the art will readily appreciate that various modifications and 
changes may be applied to the embodiments of the invention as hereinbefore 
5 exemplified without departing from its scope defined in and by the appended claims. 
In the method claims which follow, characters which are used to designate claim 
steps, are provided for convenience only and do not apply any particular order of 
performing the steps. 



S£/*2 SSZ'ON 8£:ZL LO, Zl/ZO 



Z0V60LZ £ 116 HHVd 3 NHOO Q10HNI3M 



